Introduction
In the first phase I/II trial of hepatic gene transfer of adeno-associated virus 2 (AAV2) encoding Factor IX (AAV2-F9) in human hemophilia B subjects, transgene expression was demonstrable but short lived (1) . As Factor IX activity declined 4-6 weeks after infusion, a concomitant asymptomatic, self-limited rise in hepatic aminotransferases was observed. In addition, AAV2 capsid-specific CD8 + T cells were detectable following vector administration, and their frequency expanded and contracted in temporal correlation with hepatocellular injury (2) . In contrast, no T cell response against the transgene was detectable by IFN-γ ELISPOT screening of a Factor IX peptide library (1) . These observations raise the possibility of capsid-directed immune destruction of transduced hepatocytes. The host CTL response to vector therefore represents a potential barrier to successful hepatic gene therapy. However, relatively little is known about the fate of a capsid once it enters the cell, including its processing, degradation, and access to antigen-presentation pathways.
Immunodominant, MHC I-restricted AAV capsid epitopes have been identified in humans (1, 2) and mice (3, 4) . However, capsid-derived antigen presentation following AAV-mediated transduction has yet to be formally demonstrated on hepatocytes. Based on animal studies, this has been considered an unlikely possibility by some investigators (4, 5) . Until now, no direct means for visualizing AAV capsid-derived peptide:MHC I (pMHC) complexes existed. Similarly, capsid-specific CD8 + T cells have been identified following administration of adenovirus expressing AAV2 capsid in mice (3, 6) or infusion of AAV vector in humans (2, 6) . Although peptide-pulsed target cells infused in vivo are destroyed by these CTLs, the direct lysis of AAV-transduced hepatocytes has not been previously demonstrated. Finally, developing an effective strategy to circumvent host immune responses against AAV capsid will likely be important for successful gene delivery to the liver. Immunosuppression protocols have been evaluated for inhibiting undesirable host immune responses during gene therapy (7, 8) . However, these agents are nonspecific and convey the risk of off-target effects such as the unwanted depletion of regulatory T cells with daclizumab, an anti-IL-2Rα antibody, resulting in loss of tolerance to the transgene product (8) (9) (10) .
Soluble MHC multimers were developed over a decade ago and have been used successfully to enumerate antigen-specific T cells (11) . In contrast their counterparts, soluble TCR multimers have only recently been described (12) (13) (14) . These reagents can exhibit high binding affinities within the range of usual TCR:pMHC interactions (~0.1-90 μM) (15) . We therefore constructed a soluble TCR to detect capsid pMHC complexes on cell surfaces. This reagent exhibited high affinity for cognate pMHC complexes and detected antigen presentation by flow cytometry. By using more sensitive confocal microscopy, TCR multimers directly visualized capsidderived pMHC complexes following AAV-mediated transduction of human hepatocytes. Furthermore, cytotoxicity assays demonstrated that AAV-transduced human hepatocytes were specifically killed by capsid-directed CTLs. Finally, TCR multimers protected transduced hepatocytes from CTL-mediated cytolysis against cognate and cross-reactive epitopes derived from different AAV serotypes. Together, our results conclusively demonstrate that AAV sensitizes hepatocytes for CTL-mediated destruction from low levels of capsid antigen presentation. These studies provide mechanistic insight into the previously observed loss of F9 expression and elevations in aminotransferases in a human clinical trial (1) . In addition, we reveal a therapeutic application for soluble TCR reagents in protecting antigen-bearing cells from undesired T cell responses.
Results

Construction of an AAV capsid-specific soluble TCR.
To construct an antigen-specific soluble TCR, an AAV2 capsid-specific CTL clone first needed to be generated. To accomplish this, HLA-B*0702 + normal human donor PBMCs were expanded in culture in the presence of AAV2 capsid peptide and growth factors. Cells were sorted by flow cytometry for antigen-specific CD8 + T cells using HLA-B*0702 pentamers bearing AAV2 capsid peptide. After sorting, single-cell clones were obtained by limiting dilution. The TCR-α and -β chain cDNAs were then cloned by SMART-RACE PCR from individual clones. A monomeric TCR fusion construct containing a BirA biotinylation tag was generated and expressed in CHO cells (Altor Bioscience). Soluble TCR monomers were then multimerized using streptavidin-conjugated fluorochromes. Nondenaturing PAGE of the resulting TCR multimers reveals that the majority of species were conjugated monomers or dimers (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/36891DS1). This is consistent with observations of other TCR multimers engineered in a similar fashion and is likely due to geometric constraints from steric hindrance (14) .
Specificities of the TCR multimer. Because the TCR multimer was generated from an AAV capsid-specific CD8 + T cell clone, it was
Figure 1
Antigen and HLA specificities of TCR multimer staining. (A) To demonstrate antigen specificity, HLA-B*0702 + JY cells were pulsed with 5 μg/ml of either cross-reactive capsid epitopes derived from AAV2 (VPQYGYLTL) or AAV8 (IPQYGYLTL) or irrelevant HLA-B*0702-restricted epitopes derived from HIV (IPRRIRQGL) or EBV (RPPIFIRRL). After 2 hours of incubation, cells were stained with TCR multimer for flow cytometry. Histograms depict unpulsed cells (black) and peptide-pulsed cells (gray). (B) To demonstrate HLA specificity, either HLA-matched (JY, SK-MES-1, and HHL5-B7) or HLA-mismatched (HEK-293 and HHL5) cells were pulsed with 5 μg/ml of indicated AAV capsid peptide, then stained with TCR multimer. Histograms depict unpulsed cells (black) and peptide-pulsed cells (gray).
expected to manifest antigen and MHC I context specificity. To verify these critical properties, an HLA-B*0702 + cell line was pulsed with cognate AAV capsid-derived peptides or irrelevant HLA-B*0702-restricted epitopes derived from HIV-1 or EBV. The TCR multimer only detected pMHC complexes on cells pulsed with either AAV2-derived (VPQYGYLTL) or AAV1-, AAV6-, and AAV8-shared (IPQYGYLTL) capsid epitopes ( Figure 1A ). This concurs with previous studies demonstrating relative sequence conservation and antigenic cross-reactivity of this AAV capsid epitope across serotypes (1) (2) (3) . In contrast, no TCR multimer staining was observed after pulsing cells with irrelevant peptides derived from other viruses ( Figure 1A) . Next, a variety of HLA-B*0702 + or HLAmismatched cell lines were loaded with cognate AAV capsid peptides and stained with TCR multimer. Staining was observed only with cells that were an HLA match for the TCR multimer ( Figure 1B) . Thus, we determined that the soluble TCR retains the expected binding specificities of a bona fide T cell receptor.
TCR multimer binding affinity and detection sensitivity for pMHC complexes. Antigen presenting cells express a finite number of MHC molecules on their surfaces, thus foreign proteins must compete with endogenously derived products for antigen presentation. It was therefore important to determine the binding affinity and detection limit of TCR multimers for pMHC complexes. The binding constant was calculated from the EC 50 for TCR multimer binding to pB7 [AAV] by ELISA. The concentration of pB7[AAV] required for half-maximal detection of the immobilized TCR multimer was 0.26 nM, which approximates the K d for this interaction (Figure 2A ). This indicated a relatively high affinity for pMHC complexes and suggested that the TCR multimer could bind to cells presenting low levels of antigen. To determine the detection limit for pMHC complexes by flow cytometry, the HLA-B*0702 + human hepatocyte cell line HHL5-B7 was pulsed with decreasing concentrations of AAV capsid peptide, then stained with TCR multimer. A standard curve was generated, using calibration beads containing a known number of fluorochrome molecules, that related MFI to molecules of equivalent soluble fluorochrome (MESF) ( Figure 2B ). Staining of peptide-pulsed cells was indistinguishable from unpulsed cells at peptide concentrations below about 25 ng/ml (23.7 nM) . This corresponded to approximately 1,000 MESF ( Figure 2C) . However, the stoichiometry of TCR multimer binding to pMHC complexes on the cell surface was difficult to ascertain, as the conjugated reagent exists as a heterogeneous mixture of primarily monomers and dimers (Supplemental Figure 1) . Thus, we conservatively estimate that under these conditions the detection of antigen by TCR multimer requires a minimum of 1,000-4,000 pMHC complexes using flow cytometry.
Visualization of pMHC complexes following AAV-mediated transduction. Despite the high sensitivity of TCR multimers, no pMHC complexes were detectable by flow cytometry after staining hepatocytes transduced with AAV in culture (our unpublished observations). Others have shown that flow cytometry can limit the detection of low-density pMHC complexes by soluble TCR, as compared with more sensitive confocal imaging (16) . We therefore investigated whether our TCR multimer could detect pMHC complexes by confocal microscopy. HHL5-B7 human hepatocytes were incubated with medium alone, AAV2 capsid peptide, or AAV2 vector. Cells were then stained with wheat germ agglutinin (WGA) to identify the plasma membrane, DAPI to highlight the nucleus, and TCR multimer to label pMHC complexes. Untreated cells demonstrated background staining that was primarily intracellular ( Figure 3A) . Therefore, confocal images were analyzed for TCR staining colocalized to the plasma membrane, where specific binding of pMHC complexes was expected to occur. TCR multimer staining of cells treated with either peptide or AAV2 vector revealed modest staining that colocalized with the cell surface. Objective quantification of individual pixels for intensity of costaining on multiple cells revealed statistically significant detection of pMHC complexes above background with either treatment ( Figure 3B ). Although the signal from staining of the pMHC complexes formed after AAV-mediated transduction was modest, these general trends were reproduced in at least 2 independent experiments using this sensitive visualization technique.
CTL-mediated destruction of AAV-transduced hepatocytes. Although confocal studies using TCR multimers revealed the formation of capsid-derived pMHC complexes following AAV-mediated transduction, the low density of complexes observed may not have been immunologically relevant. To investigate whether this level of antigen presentation renders transduced hepatocytes vulnerable to CTL-mediated lysis, a non-radioactive CTL cytotoxicity assay was developed. Effector cells were generated from normal human donor PBMCs that were expanded in culture with either intact AAV capsids or capsid-derived peptides. HLA-matched target hepatocytes and immunodominant capsid epitopes were chosen based upon the haplotype of the effector cells used. These studies demonstrated that effector cells were able to efficiently kill hepatocytes that were loaded with AAV2 capsid peptide (FigFigure 2 Estimation of TCR multimer binding affinity and limit of detection. (A) TCR multimer was used to coat microtiter wells at 0 nM (open circles), 58 nM (filled circles), or 116 nM (filled diamonds). Biotinylated pB7 [AAV] was then added at the indicated concentrations, followed by streptavidin-conjugated HRP. Absorbance at 450 nm was measured following addition of o-phenylenediamine substrate. Binding affinity (Kd) was estimated from the concentration of pB7[AAV] at which half-maximal detection occurred (EC50). (B) A set of APC calibration beads was used to set photomultiplier tube voltages on a FACS Canto II. Then, a calibration curve was generated using linear regression to calculate MESF from MFI (r 2 ≥ 0.99). (C) After determining the MFI of peptide-pulsed HHL5-B7 hepatocytes stained with TCR multimer, the MESF was calculated and plotted against peptide concentration. The minimum number of pMHC complexes detectable by flow cytometry was estimated from the lowest MESF discernible from unpulsed cells.
ure 4A), transduced with AAV2 vector (Figure 4B ), or treated with AAV2-empty capsids that were devoid of vector genomes ( Figure  4C ). Cytotoxic activity was higher with increasing antigen load over a 2.5-log range of peptide concentration ( Figure 4D ) and 1.5-log range of vector dose ( Figure 4E ). These results further demonstrate that the pMHC complexes are formed as a result of AAV entry. In addition, although the level of capsid antigen presentation is relatively low, it is nevertheless sufficient to flag transduced cells for destruction by antigen-specific CTLs.
Protection of transduced hepatocytes from CTL-mediated lysis by soluble TCR multimers. The studies above support previous observations from a human clinical trial of AAV-mediated hepatic gene transfer in which transgene expression was transient and coincided with selflimited elevations in circulating markers of hepatocyte injury (1). In addition, AAV capsid-specific CTL populations were found to expand and contract in temporal correlation with serologic hepatitis (2) . The experiments presented here provide direct evidence for capsid-derived antigen presentation following AAV-mediated transduction and subsequent lysis of transduced hepatocytes by CTLs. Together, these studies indicate that CTL responses directed against AAV capsid antigen are a potential barrier to successful gene therapy in the liver. One approach to overcome this immunologic limitation could be to use TCR multimers to inhibit antigen recognition by CTLs by competing for pMHC complexes (12) .
To determine whether CTL-mediated cytotoxicity could be abrogated by soluble TCR multimers, expanded PBMCs were cultured with AAV-transduced hepatocytes in the presence of increasing concentrations of TCR multimers. Indeed, TCR multimers inhibited cytolysis of sensitized target cells in a dose-dependent manner ( Figure 5A ). At 20 μg/ml, TCR multimers abrogated CTL-mediated destruction by more than 70%. This concentration of reagent was effective at blocking lysis of hepatocytes sensitized with AAV2-derived capsid peptide ( Figure 5B) or AAV2 vectors ( Figure 5C ) by 68%-76% over a broad range of antigen doses. Consistent with the capsid antigen cross-reactivity of TCR multimers observed previously ( Figure 1A ), the reagent was also able to inhibit the lysis of hepatocytes treated with AAV1-derived capsid peptide (IPQYGY-LTL) or AAV1 vector by up to 60%, although less effectively than for AAV2-directed responses. Together, these results demonstrate that CTLs require TCR recognition of capsid-derived pMHC complexes to mediate destruction of AAV-transduced human hepatocytes, and that transduced cells can be protected from CTL-mediated destruction in the presence of our soluble TCR multimer.
Discussion
An ongoing controversy in the gene therapy field is whether an effective CD8 + T cell response to vector-derived capsid sequences arises following transduction by AAV vectors. Studies of AAVmediated gene transfer in rodents, canines, and non-human primates demonstrate long-term transgene expression and no evidence of a CD8 + T cell response to capsid (17) (18) (19) (20) (21) (22) . These results are in contrast to findings from a clinical trial in which hepatic infusion of AAV resulted in a transient, asymptomatic rise in liver enzymes coincident with loss of transgene expression (1) . Using MHC pentamers, our group previously documented the expansion and contraction of capsid-specific CD8 + T cells in a human
Figure 3
Confocal microscopy of TCR multimer staining following AAV-mediated transduction. (A) HHL5-B7 hepatocytes were cultured alone or in the presence of 10 μg/ml VPQYGYLTL capsid peptide or AAV2-F9 vector at 3 × 10 5 MOI. Cells were then stained with WGA (green) to visualize the plasma membrane, DAPI (blue) to identify the nucleus, and TCR multimer (red) to stain pMHC complexes. Cells were visualized using spinning disk confocal microscopy, and representative cells are shown. Arrows indicate representative areas of TCR and plasma membrane colocalization (yellow). Total original magnification, ×63. (B) Staining intensity of colocalized signal from individual cells was quantitatively measured using Volocity and graphed as average intensity per cell ± SD (n = 17-25 cells per group). After normalization as detailed in Methods, the colocalized intensity was not detectable (nd) on untreated cells. *P < 0.004 versus untreated cells.
subject following infusion with AAV vector (2). The temporal kinetics of expansion and contraction of this antigen-specific population closely matches the asymptomatic rise and fall in liver enzymes. These observations suggested that host CTL responses directed against AAV capsid resulted in destruction of transduced hepatocytes, thereby accounting for the transient rise in hepatic enzymes and loss of transgene expression. However, there is some skepticism regarding this hypothesis, as the vector does not carry gene sequences for capsids. Consequently, it is unclear whether pre-formed capsids could gain entry into MHC class I antigen presentation pathways in sufficient quantity to drive effective capsid-directed CTL responses (23) . The studies presented herein were thus undertaken in an effort to determine the molecular and cellular basis for what appeared to be destruction of transduced hepatocytes in humans infused with AAV vector.
Using our TCR multimer reagent, we have demonstrated that low levels of AAV capsid-derived antigen are indeed presented on MHC I by hepatocytes. Endogenous expression levels of MHC I on hepatocytes in vivo are not as trivial as once thought, as class I is detectable on normal hepatocytes in mice and humans and therefore is less likely to be rate limiting for antigen presentation (24) (25) (26) . However, the molecular fate of AAV capsid after cellular entry, endosomal trafficking, and delivery of its genetic payload is not completely understood. In particular, it remains unclear how AAV engages class I antigen presentation pathways in vivo, as capsid is not being expressed but rather is an exogenous antigen (27) . It has been demonstrated that ubiquitination of AAV capsid proteins occurs after endocytosis (28, 29) and is facilitated by EGFR-PTK signaling (30) . Proteasomal inhibitors can augment transduction, suggesting that AAV capsids are degraded by proteasomes and that
Figure 4
Cytotoxic activity against peptide-pulsed and AAV-transduced hepatocytes. In separate experiments, the human hepatocyte cell line HHL5 expressing HLA-A*0101 was cultured with (A) 10 μg/ml of SADNNNSEY capsid peptide, or the HLA-B*0702-expressing HHL5-B7 cell line was cultured with (B) 3 × 10 5 MOI AAV2-F9 vector or (C) 3 × 10 5 MOI AAV2-empty capsids devoid of genomes. HLA-matched human PBMCs were added at the indicated effector/target (E:T) ratios in a CTL cytotoxicity assay. The percentage of specific lysis was calculated from the release of intracellular lactate dehydrogenase. To determine the effects of antigen load on CTL cytotoxicity, HHL5-B7 target cells were incubated with the indicated concentrations of VPQYGYLTL capsid peptide (D) or MOI of AAV2-F9 (E) overnight, then effectors were added at an effector/target ratio of 10:1. Effector cells were derived as follows: (A-D) normal human donor PBMCs were independently expanded for 2 rounds with capsid peptide or AAV2-empty capsid and pooled for use as effector cells or (E) human PBMCs were expanded for 2 rounds with AAV2-empty capsid only. this process limits transduction efficiency (28, 29, (31) (32) (33) . If a preformed capsid engages antigen processing machinery while still within endosomes, then cross-presentation pathways are likely involved (34, 35) . In this regard, both liver sinusoidal endothelial cells (36) and hepatocytes (37) have been shown to be capable of presenting exogenous antigen, although the molecular details have yet to be completely elucidated. On the other hand, cross-presentation may not be required, as AAV must escape from the endosome to release its DNA. Intact pre-formed proteins in the cytosol can access MHC I pathways, as cytosolic microinjection of ovalbumin protein results in subsequent antigen presentation on MHC I (38, 39) . Thus, free capsid in the cytosol may be similarly inducted into MHC I pathways without de novo protein synthesis. These possibilities are not mutually exclusive, and it is not clear whether species differences in hepatocyte antigen presentation exist as well.
We have also shown that both AAV vectors containing DNA and empty capsid particles were able to sensitize hepatocytes for cytolysis, but only the former is capable of mediating gene transfer. This underscores the importance of minimizing contamination by empty capsids during the manufacturing process (40) , to increase transduction efficiency while reducing capsid antigen burden. The low numbers of pMHC complexes we observed by confocal microscopy after AAV transduction were immunologically relevant, as they rendered the transduced hepatocytes effective targets for cytolysis. Indeed, T cells have been shown to have exquisite sensitivity for antigen. Using cell lines that stably express HIV-1 to recover endogenously processed viral peptides, it has been demonstrated that target cells can be sensitized by as few as 10-100 peptides for lysis by HIV-specific CTLs (41) . In an alternative approach, CTLs have been shown to have detectable increases in intracellular calcium after stimulation by 1 pMHC complex, inducible cytotoxic activity by 1-3 complexes, and maximal calcium flux with mature immunologic synapse formation by 8-10 complexes (42, 43) . Thus it is not surprising that capsid-derived pMHC complexes were undetectable by flow cytometry, at the threshold for detection by confocal microscopy, and yet immunologically sufficient to trigger CTL-mediated destruction, even at 1/30th the dose of AAV vector used for visualization by confocal microscopy.
One unresolved puzzle is why the loss of transgene expression observed in a human clinical trial (1) was not predicted by rodent, canine, and nonhuman primate animal models of AAV-mediated gene transfer in which transgene expression is long lived (17) (18) (19) (20) (21) (22) . Perhaps the most obvious influence is that many humans have had antecedent infections with wild-type AAV2 and harbor memory CD8 + T cells not present in animal models. Also, clearly this is not the first example in which animal models have failed to recapitulate human immune responses. In a phase I clinical trial the superagonist anti-CD28 monoclonal antibody TGN1412 induced a massive cytokine storm in human recipients, resulting in multiorgan failure in 6 healthy volunteers at 1/500th the dose that appeared safe in mice and nonhuman primates (44) . Subsequent investigation demonstrated that superagonist activation of CD28 leads to a sustained calcium influx in human T cells, but not cynomolgus or rhesus monkey T cells (45) . Human T cells also proliferate more vigorously after TCR activation than do T cells from chimpanzees, and this difference has been attributed to loss of inhibitory Siglec expression during human evolution (46) . Differences between human and murine T cells also exist, as type I IFNs can drive T cell IFN-γ production from humans but not mice due to divergent regulation of STAT1 signaling pathways (47, 48) . Together, these observations indicate that human T cells are more sensitive to stimulation than their rodent or nonhuman primate counterparts and may account for the differences observed between human and animal studies with AAV-mediated gene therapy.
Finally, we have demonstrated a potential therapeutic application for soluble TCR multimers in specifically blocking T cell responses. By competing with CTLs for capsid-derived pMHC complexes, TCR multimers can interfere with immunologic synapse formation between the T cell and the antigen-presenting cell. TCR multimers have previously been shown to inhibit CTL expansion (13) and secretion of MIP-1β (12) following antigenic stimulation. We now show, for what we believe is the first time, that soluble TCR multimers are also capable of protecting cells from CTL-mediated cytolysis. This approach provides specificity to the inhibition of T cell responses, in contrast to the broad immunosuppression induced by corticosteroids or other nontargeted agents. We have demonstrated the utility of TCR multimers in preventing destruction of AAV-transduced hepatocytes in culture. This approach could potentially be generalized for other CTL-mediated diseases, such as type I diabetes mellitus or autoimmune hepatitis. However, the TCR would need to be tailored to an individual's HLA allele and to the immunodominant epitope of interest. Further studies are necessary to delineate the optimal dosing, pharmacokinetics, and potential immunogenicity of soluble TCR therapeutics.
In conclusion, our studies provide mechanistic evidence to account for the observed loss of F9 expression and self-limited rise in aminotransferases following hepatic gene transfer by AAV in humans. These data provide the rationale for an ongoing clinical study in which AAV-mediated gene transfer to the liver is accompanied by a short course of immunomodulation to block the CD8 + T cell response to capsid (49) . These results have implications for future clinical trials of AAV-mediated hepatic gene transfer and provide insights into how successful long-lived gene transfer might be achieved.
Methods
AAV vectors, peptides, and HLA pentamers. AAV vectors were produced using previously described triple transfection methods into HEK-293 cells and subsequent CsCl density gradient purification (50) . HLA-A*0101-restricted peptide from AAV2 (SADNNNSEY) and HLA-B*0702-restricted peptides derived from AAV2 (VPQYGYLTL), AAV8 (IPQYGYLTL), HIV-1 env gp120 (IPRRIRQGL), and EBV EBNA-3A (RPPIFIRRL) were commercially synthesized (Genemed Synthesis) (1) (2) (3) (4) . Custom HLA pentamers were obtained (ProImmune) and are referred to by their specific HLA molecule and loaded epitope, e.g., pB7 [AAV] are pentameric complexes of HLA-B*0702 loaded with VPQYGYLTL peptide derived from the AAV2 capsid.
Cell lines. Except as indicated, all cells were grown in MEM (ATCC) supplemented with 10% FBS, 1% l-glutamine (Gibco), and 1% penicillin-streptomycin (Gibco) at 37°C in 5% CO2. The following HLA-B*0702 -cell lines were used: human embryonic kidney-derived HEK-293 cells (ATCC CRL-1573) and the human hepatocyte cell line HHL5 (51) . The following HLA-B*0702 + cell lines were used: B lymphoblastoid JY cells grown in RPMI 1640 (Gibco) with 10% FBS and 1% penicillin-streptomycin, lung squamous cell carcinoma-derived SK-MES-1 (ATCC HTB-58), and HHL5-B7 cells derived from HHL5 cells that were transduced to express HLA-B*0702. Briefly, a VSV-pseudotyped lentivirus containing a CMV-based human HLA-B*0702 expression cassette was generated using a ViraPower HiPerform lentiviral expression system (Invitrogen). The HLA-B*0702 gene was cloned by RT-PCR from normal human donor splenocytes (Cooperative Human Tissue Network, NCI), then TOPO-TA-cloned into pLenti6.3/V5-TOPO to create pLenti-B*0702. 293FT cells (5 × 10 6 cells in a 10-cm dish) were transfected with pLenti-B*0702 in combination with ViraPower packaging mix. After 3 days the medium was harvested and centrifuged, and the supernatant containing lentivirus was aliquoted and stored at -80°C. HHL5 cells were plated into 6-well plates at 2.5 × 10 5 cells/well. The following day, culture medium was replaced with 2 ml transduction medium (1.8 ml fresh culture medium with 0.2 ml Lenti-B*0702 supernatant) supplemented with 3 μg/ml polybrene (Sigma-Aldrich). After overnight incubation, transduction medium was replaced with fresh culture medium containing 10 μg/ml blasticidin (Invitrogen). Five days later, cells were transferred to a 10-cm dish and allowed to expand in blasticidin-containing medium. After selection, HLA-B*0702 expression was confirmed (≥ 95%) by staining with PE-conjugated anti-HLA-B7 (US Biological) and flow cytometry.
Generation of TCR multimers. Normal human PBMCs from an HLA-B*0702 + donor were cultured with 10 μg/ml of AAV peptide (VPQYGYLTL) as previously described (2). After 2 rounds of expansion, cells were stained with PE-conjugated pB7[AAV], allophycocyanin-conjugated (APC-conjugated) anti-CD8α antibody (BD Biosciences), and a mix of APC-Cy7-conjugated anti-CD4 and anti-CD14 antibodies (BD Biosciences). Cells were then sorted for CD8 + pB7[AAV] + CD4 -CD14 -populations on a FACSVantage SE (BD Biosciences). Sorted cells were plated by limiting dilution into round-bottom 96-well plates containing 75,000 irradiated allogeneic PBMCs (3,300 rad) and 10,000 irradiated JY cells (8,000 rad) per well in 100 μl of RPMI 1640 supplemented with 10% human serum (Valley Biomedical), 1% Pen-Strep, 1% l-glutamine, 50 U/ml recombinant human IL-2 (Roche), and 5 μg/ml phytohemagglutinin (Sigma-Aldrich). Single-cell clones were cultured for 12 days, then restained for flow cytometry. Two clones in which 100% of the cells were CD8 + pB7[AAV] + were shipped to Altor Bioscience for generation of soluble, biotinylated TCR monomers. Briefly, TCR-α and -β chains were cloned by SMART-RACE PCR, and a fusion protein was constructed containing a BirA biotinylation tag (14) . The construct was expressed in CHO cells for purification of soluble TCR monomers. Multimerization was done by conjugation with streptavidin-conjugated APC (Invitrogen) in a 1:1 molar ratio of biotin/streptavidin.
Determination of binding affinity by ELISA. A Nunc PolySorp 96-well plate (Thermo Fisher Scientific) was coated with TCR multimer in carbonate buffer at pH 9.6. After overnight incubation at 4°C, the plate was washed 5 times with D-PBS/0.05% Tween-20, then blocked with D-PBS/0.05% Tween-20/6% BSA for 30 minutes at room temperature. After 5 washes, increasing concentrations of biotinylated pB7[AAV] were added to the wells and incubated for 2 hours at room temperature. The plate was then washed 10 times before incubating with a 1:500 dilution of streptavidinconjugated HRP (BD Biosciences) for 2 hours at room temperature. After 10 washes, detection was performed using o-phenylenediamine dihydrochloride (Sigma-Aldrich) in a phosphate-citrate buffer with hydrogen peroxide. Absorbance was read on a SpectraMax M2 e (Molecular Devices) at 450 nm.
Detection of pMHC complexes by flow cytometry. To stain for pMHC complexes after peptide loading, 10 5 cells in 0.5 ml medium were plated per well on 24-well tissue culture plates (BD Biosciences). Cells were incubated with peptides for 2 hours at 37°C and washed prior to staining. Cells were stained with 0.5 μg APC-conjugated TCR multimer at 4°C for 30 minutes. Samples were washed twice with D-PBS/2% FBS/0.05% sodium azide, then fixed with 4% PFA at 4°C for 10 minutes. At least 50,000 events were acquired on a FACS Canto II (BD Biosciences) using FACSDiva version 6.1.1 (BD Biosciences). For fluorescence quantitation, a panel of APC calibration beads containing discrete numbers of fluorochrome molecules (Bangs Laboratories) was used to set PMT voltages prior to data acquisition. Flow cytometry data were analyzed using FlowJo version 8.7.1 (Tree Star). Calculation of MESF from MFI values was performed using QuickCal version 2.3 (Bangs Laboratories).
Detection of pMHC complexes by confocal microscopy. To prepare specimens for confocal microscopy, cells were grown on 4-chamber Lab-Tek II slides (Thermo Fisher Scientific), then treated with capsid peptide (VPQYGYLTL) or AAV2-F9 vector. One day later, slides were washed twice with D-PBS, then blocked with 1% BSA in D-PBS for 20 minutes at room temperature. Slides were stained with 0.5 μg APC-conjugated TCR multimer and 6.25 ng Alexa Fluor 488-labeled WGA (Invitrogen) in 200 μl volume for 30 minutes, washed 3 times, then fixed in 3.7% formaldehyde. Specimens were washed, excess moisture was removed, and slides were cover-slipped using Prolong Gold with DAPI (Invitrogen). After curing overnight, slides were sealed with acrylic nail polish. Slides were imaged using an Olympus IX-81 DSU spinning disc confocal microscope equipped with a Hamamatsu Photonics EM-CCD camera. Exposure times for individual filter sets and gain multiplication settings were established for each experiment using unstained specimens to determine maximal settings. These settings were then adjusted to ensure no crosschannel bleed-through using positive controls (WGA and TCR multimerstained, peptide-loaded samples). Once established, the same microscope settings were used to acquire all images. Images were analyzed with Volocity (Improvision). Cell surface and TCR multimer-binding regions were defined by creating an absolute pixel intensity threshold to include WGA or TCR staining that did not generate an area with negative controls. Once identified, this same absolute threshold was used to define regions in all samples. Regions in individual cells were measured in 17-25 randomly selected cells per experimental condition. To determine the cell surface quantities of TCR multimer, the intensity of individual pixel regions containing both WGA and TCR fluorescence above threshold were measured and averaged. Statistical differences were calculated using an unpaired 2-tailed Student's t test.
CTL cytotoxicity assays. To generate effector cells, cryopreserved PBMCs were purchased from a commercial supply of normal human donors (Cellular Technology). These studies were reviewed and approved by the Institutional Review Board of the Children's Hospital of Philadelphia. Cells were expanded with either AAV2-empty capsids or VPQYGYLTL capsid peptide as described above and restimulated every 7 days for the indicated number of expansion rounds. HLA-matched target cells were prepared by plating 5,000 HHL5 cells/well in Primaria flat-bottom 96-well plates (Falcon) with serum-free DMEM (Gibco) and culturing with either 10 μg/ml HLA-matched capsid peptide or 3 × 10 5 MOI AAV2-F9 for 18 hours. Target cells were then washed prior to incubation with effector cells for 4 hours at the effector/target ratios indicated in the figure legends. Release of lactate dehydrogenase was detected using the CytoTox 96 non-radioactive cytotoxicity assay (Promega) and measurement of absorbance at 490 nm on a SpectraMax M2 e using SoftMax Pro (Molecular Devices). The percentage of specific lysis was calculated after subtraction of the appropriate background controls.
